. (2016) Two-dimensional core-shell donor-acceptor assemblies at metal-organic interfaces promoted by surface-mediated charge transfer. Nanoscale, 8 (45 have attracted much interest due to their potential applications in organic opto-electronic devices. In order to work, these systems must have an electronic matching -the highest occupied molecular orbital (HOMO) of the donor must couple with the lowest unoccupied molecular orbital (LUMO) of the acceptor -and a structural matching, so as to allow direct intermolecular CT. Here it is shown that, when molecules are adsorbed on a metal surface, novel molecular organizations driven by surface-mediated CT can appear that have no counterpart in condensed phase non-covalent assemblies of donor and acceptor molecules. By means of scanning tunneling microscopy and spectroscopy it is demonstrated that the electronic and self-assembly properties of an electron acceptor molecule can change dramatically in the presence of an additional molecular species with marked electron donor character, leading to the formation of unprecedented core-shell assemblies. DFT and classical force-field simulations reveal that this is a consequence of charge transfer from the donor to the acceptor molecules mediated by the metallic substrate.
Introduction
Engineering any electron donor-acceptor (D-A) system, regardless of whether covalent or non-covalent, requires the combination of electron-rich (i.e., low ionization energy) molecules with electron-deficient (i.e., high electron affinity) counterparts to form charge-transfer (CT) complexes. These systems have attracted significant research efforts 1 because they display a metallic behavior, 2 high-temperature superconductivity 3 or can be used as materials for ambipolar semiconductors 4 and artificial light-conversion applications. [5] [6] [7] [8] [9] More recently, a number of other interesting properties stemming directly from CT interactions in D-A systems have been reported, including thermoelectricity, photoconductivity, ferroelectricity, magnetoconductance, and field emission (ref. 1 and references therein). Depending on the structural and electronic properties of the D and A molecular modules, different types of noncovalent assemblies have been observed, each of them related to specific optoelectronic properties. In the condensed phase, like solid state or in liquid crystals, various supramolecular structures can be obtained: [10] [11] [12] a vertical alternating stacking with a two-dimensional (2D) checkerboard arrangement ( Fig. 1(a) ), a homomolecular columnar arrangement patterned as a 2D checkerboard array ( Fig. 1(b) ), a homomolecular columnar arrangement patterned as a 2D-striped array ( Fig. 1(c) ), a phase-segregated homomolecular columnar arrangement ( Fig. 1(d) ), and a layer-by-layer arrangement with a vertical alternating stacking organization ( Fig. 1(e) ). Most of the promising applications of D-A systems are in cheap, flexible and portable opto-electronics, including the production of organic ferroelectric devices, field-emission transistors and artificial photosynthetic systems. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] For these applications, the D-A materials are deposited from a liquid solution or by thermal vapor deposition as thin films onto a conductive electrode, [23] [24] [25] [26] [27] [28] [29] [30] resulting in organic-electrode interfaces that can be highly complex, though crucial for the device performances. On the other hand, the development of D-A architectures in thin film devices is frequently based on the simplifying assumption that the optoelectronic properties of the organic materials are preserved even after surface deposition. This assumption often neglects the fact that the adsorption of organic molecules onto a solid electrode can significantly modify the relative energies of the relevant molecular electronic orbitals, dramatically affecting the material's optoelectronic properties and the intermolecular bonding at the interface. As consequence, both the electronic structure and the molecular organization of functional organic thin films can be significantly different from their bulk counterparts, resulting in significant variations with respect to the expected device performance. In spite of this, although several studies have been reported on the perturbation of the electronic structure of single molecules after surface adsorption, 31-36 the effect of solid surfaces on the electronic properties of interfacial D-A systems has received much less attention. [37] [38] [39] [40] [41] While these perturbations are often seen as challenges to be overcome, they can also represent an opportunity, as unprecedented D-A assemblies can be obtained as a result of processes occurring exclusively at metal-organic interfaces.
In this work, we investigated the surface co-deposition of electron donor 1,3,6,8-tetrakis(3,5-di-tert-butylphenyl)pyrene (TBP) 33 and electron acceptor 7,7,8,8-tetracyanoquinodimethane (TCNQ), 42, 43 two good molecular candidates (Scheme 1) for forming D-A supramolecular networks due to their complementary electronic properties (a relatively small ionization potential and large electron affinity for TBP and TCNQ, respectively). We find that when these molecules are deposited on the highly polarizable and high work function Au(111) substrate, the surface acts as a mediator for the energy level alignment between the D and A molecules to allow intermolecular CT between the two species. This exquisitely interfacial phenomenon drives the formation of an unprecedented assembly of non-covalent D-A systems where the molecular species are organized in a core-shell architecture 44 with the TBP donors monomolecularly surrounding clusters of TCNQ acceptors ( Fig. 1(f) ).
Results
When co-deposited on the Au(111) surface, TBP and TCNQ phase separate ( Fig. 2(a) ), displaying a behavior qualitatively similar to what is observed in the solid state. A distinctive characteristic of the two-dimensional assembly is however the appearance of hybrid clusters displaying a core-shell structure, in which an island of TCNQ is surrounded by a peripheral monomolecular rim of TBP molecules ( Fig. 2(b) ). Whereas all TCNQ molecules assemble in these clusters, the excess TBP molecules form homomolecular islands, the organization and structure of which follow the same herringbone arrangement observed when only TBP is deposited on Au(111) 33 ( Fig. 3(a) ).
These TBP islands result from a delicate interplay of attractive vdW forces and repulsive electrostatic interactions, the latter caused by interfacial dipoles induced by reversible integer CT from the TBP molecules to the substrate. By contrast, the arrangement of the TCNQ molecules and the size of the islands they form are remarkably different to the case of pure TCNQ on Au(111). As reported by Pascual and co-workers, 45 when TCNQ is deposited on its own on Au(111), it forms an extended H-bonded network ( Fig. 3(b) ), referred to as α-TCNQ phase in the following. The molecules adsorb in their neutral charge state [45] [46] [47] and arrange in a typical brickwork manner, maximizing the number of H-bonds between the nitrile groups and the aryl hydrogens. However, in the presence of TBP, TCNQ molecules cluster in the core-shell assemblies (with typical lateral extension <250 nm 2 ) displaying a different organization (referred to as β-TCNQ in the following), characterized by a parallel molecular alignment in two directions, which we dub "parallel arrangement" (Fig. 2(b) ).
Since the adjacent electron-rich nitrile groups would cause large electrostatic repulsions, the β-TCNQ is not expected to be an energy minimum configuration for a pure TCNQ phase. Consistently, DFT calculations performed on a gas-phase monolayer of TCNQ molecules arranged in the β phase reveal that the parallel arrangement is energetically highly expensive and that the total energy of the system is significantly reduced by reverting to the hydrogen-bonded brickwork network (for details see ESI, section 2.1 †). On the other hand, the difference between the α-and β-phases, observed for TCNQ molecules in the absence or presence of TBP, might be indicative of a different charge state. Voltage dependent imaging and local spectroscopy experiments were performed in order to explore this hypothesis. Firstly, scanning tunneling microscopy (STM) topographies were acquired while varying the sample bias voltage. At negative voltages -corresponding to the tunneling from occupied electronic states of the sample -α-TCNQ molecules appear as elliptic protrusions (Fig. 4(a) ). Instead, at posi- tive voltage -tunneling into empty electronic states of the sample, Fig. 4 (b) -the molecules appear as two symmetric U-shaped protrusions and two circular bulges, each of which is centered on the dicyanomethylene groups, separated by a central nodal plane. The latter imaging mode has a close resemblance with the spatial distribution of the lowest unoccupied molecular orbital (LUMO) of a neutral TCNQ molecule in the gas phase, as determined by DFT (see inset in Fig. 4(b) ). As a consequence, the observed voltage dependence of α-TCNQ molecules is indicative of the presence of neutral molecules weakly interacting with the substrate, as observed previously. 45 STM images of β-TCNQ molecules in the core-shell assembly bear a close similarity to the LUMO spatial distribution of isolated TCNQ molecules too (Fig. 4(c) ). In fact, even if their appearance is slightly different from that observed in the α phase -because of the absence of H-bonds in the core-shell assemblies (see ESI, section 2.2 †) -the characteristic LUMO nodal central plane separating two elongated ellipsoidal shapes and the two circular protrusions corresponding to the dicyanomethylene moieties can still be easily recognized. The crucial difference with α-TCNQ is that the "LUMO-shaped" features are now found in the energy region corresponding to occupied electronic sample states, strongly suggesting that TCNQ is negatively charged in the β-phase of the core-shell structures. A closer inspection of the STM images of the β-assembly reveals the presence of additional circular bright protrusions between the nitrogen atoms of four adjacent TCNQ molecules (circled in black in Fig. 4(c) and (d) ). These features do not appear at every position of the molecular lattice and hence cannot be linked to a particular tip imaging mode or to an electronic effect. Instead, we associate them with Au adatoms directly bound to TCNQ molecules in a metal-organic structure, which is a further indication of the anionic state of β-TCNQ molecules. Several examples have been reported in the literature where the negative charging of a molecular species on a metallic substrate is correlated to the formation of metal-organic complexes with positively charged substrate atoms (either lifted from the substrate 31, 34, 48 or segregated from step edges as adatoms 40, 46, [49] [50] [51] , as this is an efficient way to reduce electrostatic repulsion. 52 Further experimental evidence that β-TCNQ molecules have an occupied energy level corresponding to the gas-phase LUMO can be obtained by performing scanning tunneling spectroscopy (STS) measurements. dI/dV spectra acquired on the α phase of TCNQ exhibit two main features: 45 a broad peak at positive voltage associated to the empty LUMO level and a shift of the Au(111) surface state, due to the pillow effect 53 ( Fig. 5(a) ). In contrast, significantly different spectra are recorded on β-TCNQ molecules (Fig. 5(b) ). Firstly, the Au(111) surface state is no longer visible, signaling a significant charge rearrangement at the metal-organic interface. Secondly, depending on where the spectrum is measured, different features are observed. The dI/dV spectra acquired close to the cyano group/Au adatom positions are characterized by a broad peak at −1.0 V, as can be seen in Fig. 5 (b) (red line). A small peak around +0.9 V is instead observed when measuring a spectrum over the central ring of a β-TCNQ molecule (Fig. 5(b) , blue line). We identify the peak observed at −1.0 V as a metalorganic state, resulting from the mixing between Au adatom states and the LUMO of the TCNQ molecule (see ESI, section 2.3 †). The peak at positive voltage, localized on the aromatic core, is instead associated to the LUMO+1 derived resonance of TCNQ, as evidenced by plotting the relevant gas phase DFT molecular orbital (see ESI, section 2.1 †).
Overall, a number of observations in our experiments point toward charging of β-TCNQ molecules: the parallel assembly of β-TCNQ molecules (energetically unfavorable for neutral species); the LUMO-shaped filled states produced by STM imagining; the presence of a LUMO-derived peak in the occupied states STS spectroscopy; the formation of a metal-organic structure consistent with CT. However, the charging of TCNQ molecules on Au(111) is surprising because CT has so far only been reported for TCNQ deposited on less noble (i.e. smaller work function) metal surfaces such as Ag(111), 46 Ag(100), 54 Cu(111), 55, 56 Cu(100) 31 and Ni(111) 57 ), while STM, STS, 45 and X-ray and ultraviolet photoelectron spectroscopy measurements 46 clearly demonstrate that TCNQ molecules remain neutral when absorbed on Au(111). This implies that TCNQ charging and assembly in the β phase must be a direct effect of the presence of the surrounding TBP (see Discussion section). DFT calculations were employed to rationalize the mechanism behind the CT phenomena and the formation of the Au-TCNQ metal-organic structures. To this aim we considered a full monolayer of β-arranged TCNQ molecules (see ESI, section 2.2 †) and incorporated one additional Au adatom for each TCNQ molecule, located in a hollow site of the unreconstructed Au(111) substrate. A stable metal-organic structure formed, as shown in Fig. 6 (a) (see ESI, section 2.2, † for details). The presence of the Au adatoms stabilizes the β-assembly, otherwise forbidden due to the proximity of the electronegative N atoms, which are instead mutually screened by the adatoms. Only two N atoms coordinate to each Au adatom bending downwards with respect to the molecular core (≈ 0.7 Å) ( Fig. 6(a) ). A similar distortion was previously reported for TCNQ and similar acceptor molecules 31, 32, 58, 59 and was correlated with a re-aromatization of the molecular core induced by charge rearrangement at the metal-organic interface. Hence, the bent adsorption configuration of β-TCNQ molecules provides a first element of theoretical confirmation that these molecules are charged. Moreover, the occurrence of CT can be directly investigated by examining the TCNQ projected density of states ( pDOS, see ESI, section 2.3 †). Calculations reveal that the electron state corresponding to the gas phase highest occupied molecular orbital (HOMO) is located well below the Fermi level of the substrate at −1.1 eV, while the energy of the gas-phase LUMO orbital aligns to the Fermi level, indicating a partial occupation and hence molecular charging. Evidence of charge donation from Au adatoms to TCNQ in the contour plot of the electron density displacement pattern Δρ(r) reported in Fig. 6(b) (see also ESI, section 2.3 †) further confirms the picture above. Significant charge depletion (blue areas) is observed at the bridging Au-N coordination sites while electron density accumulation (red areas) is observed to occur following the TCNQ LUMO lobes pattern.
Discussion
Our theoretical and experimental results reveal that TCNQ becomes charged on Au(111) due to the presence of TBP, which drives the formation of the core-shell D-A organization. The molecular assembly and the STM bias voltage dependence reported in Fig. 4(c) 58, 61 since the electron-withdrawing fluorine atoms significantly increase its electron affinity with respect to TCNQ. Here therefore we find that, if (and only if ) TCNQ is co-deposited with an additional molecular species with marked electron donor character (TBP), it behaves in an essentially identical manner to its fluorinated analogue. In other words, the spatial proximity of TBP molecules is sufficient (and necessary) for TCNQ to become a strong electron acceptor on Au(111). Since the TBP and TCNQ molecules are not intermixed, direct intermolecular CT as commonly observed for D-A supramolecular assemblies [38] [39] [40] 60, [62] [63] [64] [65] [66] [67] can be reasonably excluded. Rather, the negative charging of TCNQ can be explained by an exquisite interfacial phenomenon, namely a substrate-mediated CT process occurring exclusively in the presence of a donor molecule. In order to elucidate this behavior, it is important to realize that the driving force for charging an individual TCNQ molecule depends not only on the position of its frontier orbitals with respect to the substrate Fermi level, but also on the electrostatic interaction with the metallic surface and with its neighboring molecules. More specifically, two types of screening effects contribute to the net energy change caused by transferring charge to an adsorbed TCNQ molecule. The first is related to the image charge effect, which is defined as the attractive Coulomb interaction between a charged adsorbate and its mirror image in the highly polarizable metal substrate. This always represents an energy gain and therefore contributes to stabilize the charged state of any adsorbed molecule (by effectively narrowing its fundamental HOMO-LUMO gap). 68 In the case of F 4 -TCNQ, the image charge screening alone is enough to overcome the charge extraction barrier from gold (as demonstrated by the formation of β-type metal-organic charge transfer complexes). 49, 60 This is not the case for the lower electron affinity TCNQ molecule, and is reflected in the exclusive formation of α islands of neutral molecules when TCNQ is deposited on its own on Au(111). However, the presence of a second molecular species with opposite charge transfer behavior, like TBP, causes a further energy gain for a negatively charged TCNQ, due to the attractive electrostatic interaction between oppositely charged molecules. The development of the β molecular phase when TBP is co-deposited with TCNQ, demonstrates that this extra energetic contribution is enough to compensate the unfavorable Au(111)/TCNQ energy level alignment, enabling interfacial charge transfer for TCNQ and making it an electron acceptor on Au(111). This second type of electrostatic correction is clearly a local effect, as it depends on the number and spatial distribution of neighboring TBP molecules. As such, depending on the TCNQ : TBP local stoichiometry, regions where neutral TCNQ molecules arrange in the brickwork α-phase coexist with β-phases composed of negatively charged TCNQ molecules. A final point in the understanding of the observed phenomenology concerns the formation of core-shell assemblies, in which TBP molecules surround β-TCNQ islands (Fig. 2) . Grand Canonical Monte Carlo (GCMC) simulations can be used to investigate this process and its dependence on CT and local electrostatic screening. We modelled the presence of two differently charged molecular species, treated as structure-less particles, by associating a dipole pointing away from the surface with particles simulating positive TBP molecules, and a smaller dipole, oriented in the opposite direction, with particles simulating negative TCNQ (the dipoles are due to the image charge polarization of the metallic substrate, see ESI, section 3 †). The corresponding Hamiltonian includes an attractive short-range interaction term between nearest neighbors and a long-range term between each pair of molecules, representing the Coulomb electrostatic interaction between dipoles. Due to the presence of dipoles of opposite orientations, the long-range interactions can be either repulsive (between TBP-TBP and TCNQ-TCNQ pairs) or attractive (TCNQ-TBP pairs). The short-range coupling was considered to be stronger for interactions between homo-pairs compared to hetero-pairs (see ESI, section 3 †). This parametrization is supported by the experimental observation of phase segregation into homomolecular TCNQ and TBP islands, as it is typical for assemblies of immiscible components. In our simulations, for a relative TCNQ : TBP stoichiometry close to 3 : 1, the formation of core-shell assemblies composed of small TCNQ islands surrounded by a rim of TBP molecules was produced as the most stable assembly outcome (Fig. 7) , in excellent agreement with the experimental observations (Fig. 2) . While TCNQ and TBP molecules are negatively and positively charged, respectively, it is convenient for TBP molecules to organize peripherally around the negative TCNQ cluster. This type of structure maximizes the high metalorganic bonding energy of TCNQ-TCNQ pairs and, at the same time, minimizes the TBP-TBP electrostatic repulsion thanks to the relative proximity of a negative charge (i.e. TCNQ). Conversely, by running simulations on hypothetical systems where only one of the two species is charged or where both molecules are neutral, completely different assemblies are found (see ESI, section 3 †). Our simplified model is thus able to capture the assembly behavior of a binary mixture of oppositely charged molecules and further confirms that the formation of the core-shell assemblies with D and A molecules requires both molecules to carry a net CT dipole. We note that different (co-)adsorbed molecular species, including both D and A molecules, could yield a similar assembly behavior to the one observed in the present system. We expect that the model used in this analysis could be generally applied to describe these systems, provided that detailed DFT computations were viable for these species, as needed to appropriately re-calibrate the model Hamiltonian parameters.
Methods

Experimental methods
The experiments were performed in a commercial LT-STM system operated in ultrahigh vacuum (UHV). Multiple cycles of Ar + sputtering (1 keV) and annealing (up to 725 K) were used to clean the Au(111) single crystal. TCNQ molecules were purchased from SIGMA Aldrich. TBP molecules were synthesized by following the procedure described in ref. 33 . Previous to deposition, TBP and TCNQ molecules were degassed for several hours. Submonolayer molecular films of TCNQ and TBP molecules were grown onto the Au(111) crystal held at 300 K by using organic molecular beam deposition (OMBD). The order in the evaporation did not affect the final assembly. STM images were acquired in constant current mode at a temperature of 77 K using chemically etched tungsten tips. Typical values for the tunneling current range between a few nA and tenths of pA. The WSxM software was used to process all the STM images. 69 dI/dV spectroscopy was performed at 5 K by adding a sinusoidal modulation voltage to the bias voltage via an external lock-in amplifier and recording the output of the lock-in tuned on the first harmonic. Typical parameters for the acquisition of the spectra were: stabilization current I = 1/2 nA, stabilization bias voltage V = −1.9/−2 V, frequency f and amplitude A of modulation for the lock-in amplifier: f = 1/2 KHz, A = 20 mV.
Computational methods
DFT calculations and data processing were carried out with the Quantum-ESPRESSO package, 70 using ultrasoft pseudopotentials 71 and the PBE-GGA exchange-correlation, 72 corrected by the non-local vdW-DF 73 functional. Gas-phase and on-the-substrate calculations were performed with a wavefunction energy cutoff of ∼408 eV. The Brillouin zone was sampled using a 6 × 4 × 1 Monkhorst-Pack grid, while a counter dipole correction was used for all "on metal" calculations. 74, 75 The non-reconstructed Au(111) surface was modelled as a fourlayer slab, allowing ∼12.5 Å vacuum between periodic replicas. Forces acting on the metal and molecular atoms were relaxed up to 0.05 eV Å −1 (the bottom layer of the slab being constrained to the bulk positions).
Conclusions
In this work, the low ionization potential molecule TBP (electron donor, D) was co-deposited with the high electron affinity molecule TCNQ (electron acceptor, A) on the Au(111) surface. Despite having markedly different sizes and chemical structures, the two molecular species assemble into distinctive core-shell aggregates where TCNQ islands are surrounded by a monomolecular rim of TBP molecules, an unprecedented noncovalent architecture for this kind of molecules. By combining voltage dependent STM and STS measurements with DFT and Monte Carlo simulations, it was possible to establish that these hybrid structures are the result of the interaction between positively and negatively charged TBP and TCNQ molecules, respectively. Moreover, it was demonstrated that the presence of TBP molecules is necessary and sufficient to enable the otherwise forbidden charging of TCNQ on Au(111).
At variance with previously reported D and A assemblies on surfaces, this work shows that charge migration is not necessarily related to direct intermolecular CT but can originate from a surface-mediated CT occurring even if the D and A components phase segregate. This finding opens up new approaches for engineering non-covalent D-A assemblies at metal-organic interfaces that are only possible through the mediating role of a highly polarizable substrate.
